Abstract. Polarization sensitive optical coherence tomography (PS-OCT) provides depth resolved measurements of the polarization state of light reflected from turbid media such as tissue. The theory and calculation of the Stokes vector of light reflected from turbid media is described and application of PS-OCT to contemporary biomedical imaging problems is given. Measurement of the depth resolved Stokes parameters allows determination of the degree of polarization and optical axis orientation in turbid media that can be modeled as a linear retarder. Effect of multiple scattering and speckle on the accuracy and noise of the computed Stokes parameters is discussed. Future directions for development of PS-OCT instrumentation for biological and medical applications is given. © 2002 Society of Photo-Optical Instrumentation Engineers.
Introduction

Optical Coherence Tomography and Polarization-Sensitive Optical Coherence Tomography
Optical coherence tomography ͑OCT͒ is a new technique for high resolution imaging of tissue reflectivity in two or three dimensions to a depth of 2 mm. 1 OCT instrumentation uses a spectrally broadband light source and a two-beam interferometer ͑e.g., Michelson͒ with the reflector in one path ͑i.e., sample arm͒ replaced by a turbid medium. Depth ranging in the turbid medium is possible because interference fringes are observed only for light in sample and reference arms that has traveled equal optical path lengths to within the source coherence length ͑2-15 m͒. By scanning optical path length in the reference arm and amplitude detection of the interference fringes, a depth scan ͑A scan͒ can be recorded that maps sample reflectivity. Temporal coherence length of the source light determines axial resolution of a system, while numerical aperture of the focusing optics determines lateral resolution. Lateral scanning mechanisms allow two-and threedimensional recording of images from consecutive A scans. Although light is frequently treated as a scalar wave many applications require a description using transverse electromagnetic waves. The transverse nature of light is distinguished from longitudinal waves ͑e.g., sound͒, by the extra degree of freedom, which is indicated by the polarization state of light. Polarization sensitive OCT ͑PS-OCT͒ uses the information encoded in the polarization state of the recorded interference fringe intensity to provide additional contrast in images of the sample under study. PS-OCT provides high resolution spatial information on the polarization state of light reflected from tissue that is not discernible using existing diagnostic optical methods. In this review paper the authors describe theory and calculation of the Stokes vectors in more detail than that provided in our early reports. 2, 3 Application of PS-OCT to contemporary biomedical imaging problems is discussed.
Optical Properties of Tissue That Influence Polarization
Scattering is the principle mechanism that modifies the polarization state of light propagating through biological tissue. The polarization state of light after a single scattering event depends on the scatterer, direction of scatter and incident polarization state ͑e.g., Refs. 4 -7͒. In many turbid media such as tissue, scattering structures have a large variance in size and are distributed/oriented in a complex and sometimes apparently random manner. Because each scattering event can modify the incident polarization state differently, the scrambling effect of single scattering events accumulates, until finally the polarization state is completely random ͑i.e., uncorrelated with the incident polarization state͒. A detailed description of the scrambling effect of polarized light in heterogeneous media is given by Brosseau. 8 An important exception is when the media consists of organized linear structures, such as fibrous tissues that can exhibit form birefringence. Many biological tissues exhibit form birefringence, such as tendons, muscle, nerve, bone, cartilage, and teeth. Form birefringence arises when the relative optical phase between orthogonal polarization components is nonzero for forward scattered light. After multiple forward scattering events, relative phase difference accumulates and a delay ͑␦͒ similar to that observed in birefringent crystalline materials ͑e.g., calcite͒ is introduced between orthogonal polarization components. For organized linear structures, the increase in phase delay may be characterized by a difference (⌬n) in the effective refractive index for light polarized along, and per-pendicular to, the long axis of the linear structures. The phase retardation, ␦, between orthogonal polarization components is proportional to the distance (x) traveled through the birefringent medium ␦ϭ 2⌬nx
. ͑1͒
The advantage in using PS-OCT is the enhanced contrast and specificity in identifying structures in OCT images by detecting induced changes in the polarization state of light reflected from the sample. Moreover, changes in birefringence may, for instance, indicate changes in functionality, structure, or viability of tissues.
Theory
Historical Context
Use of broadband light in polarization sensitive interferometry has a long history dating back to the founding experimental work establishing our modern understanding of light. For example, use of broadband light in interferometry can be traced to the 16th century when Sir Isaac Newton observed interference rings when two glass plates with different radii of curvature are placed in mechanical contact. Fresnel and Arago performed double slit interference experiments in 1817 that subsequently were interpreted correctly by Thomas Young.
Results of the experiment were codified into the FresnelArago laws for interference of polarized light and indicated that light consists of two orthogonal transverse oscillations. Thirty-five years later Sir George Stokes formulated his description of polarized light ͓Eq. ͑20͒ and sequence͔ by analyzing similar double slit interference experiments performed by Sir John Herschel. A convenient experimental setup to demonstrate the Fresnel-Arago laws was described by Henry.
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Application of laser interferometry to characterize the polarization state of light reflected from optical components was reported by Hazebroek and Holscher in 1973. 11 More recently, bright broadband light sources that emit in a single spatial mode have provided the basis for novel applications in testing of optical components and biomedical imaging. For example, Newson et al. 12 constructed a combined Mach-Zehnder/ Michelson interferometer ͑configured in tandem͒ that used a low coherence semiconductor light source and polarization sensitive detection to measure temperature changes in a birefringent fiber. Kobayashi et al. 13 reported an early demonstration of a polarization-sensitive fiber Michelson interferometer using a low coherence light source for testing optical components.
Much emphasis in OCT has been on the reconstruction of two-dimensional maps of tissue reflectivity while neglecting the polarization state of light. In 1992, Hee et al. 14 reported an OCT system able to measure the changes in the polarization state of light reflected from a sample. Using an incoherent detection technique, they demonstrated birefringence sensitive ranging in a wave plate, an electro-optic modulator, and calf coronary artery. In 1997, the first two-dimensional images of birefringence in bovine tendon were presented, and the effect of laser induced thermal damage on tissue birefringence was demonstrated, 2 followed in 1998 by a demonstration of the birefringence in porcine myocardium. 15 To date, polarization sensitive OCT measurements have attracted active interest from several research groups.
Experimental Configuration
The theory of PS-OCT will be discussed in the context of a Michelson interferometer presented by Hee et al.
14 Our analysis is a simplified version of the derivation that lead to Eq. ͑2͒ in Ref 2. Figure 1 shows a schematic of this PS-OCT system that was used to record all images presented in this paper. A general discussion of polarization effects in two-beam interferometers is given by Steel 16 and analyzed by Bernabeu and Sanchez-Soto. 17 Light with a short coherence length passes through a polarizer ( P) to select a pure linear horizontal input state, and is split into reference and sample arms by a polarization insensitive beamsplitter ͑BS͒. Light in the reference arm passes through a zero order quarter wave plate ͑QWP͒ oriented at a 22.5°angle to the incident horizontal polarization. Following reflection from a mirror or retroreflector, and return pass through the QWP, light in the reference arm has a linear polarization at a 45°angle with respect to the horizontal. Light in the sample arm passes through a QWP oriented at a 45°angle to the incident horizontal polarization and through focusing optics, producing circularly polarized light incident on the sample. Reflected light from the sample, in an arbitrary ͑elliptical͒ polarization state determined by the optical properties of the sample, returns through the focusing optics and the QWP. After recombination in the detection arm, the light is split into its horizontal and vertical components by a polar- Fig. 1 Schematic of the PS-OCT system. SLD: superluminescent diode, 0.8 mW output power, central wavelength ϭ856 nm and spectral FWHM ⌬ϭ25 nm, L: lens, P: polarizer, BS: beam splitter, QWP: quarter wave plate, NDF: neutral density filter, PBS: polarizing beam splitter, and PZT: piezoelectric transducer. Two-dimensional images were formed by either axial movement of the sample with constant velocity vϭ1 mm/s (z direction), repeated after each 10 m lateral displacement (x direction), or lateral movement of the sample with constant velocity vϭ1 mm/s (x direction), repeated after each 10 m axial displacement (z direction). The latter allows for focus tracking in the sample.
de Boer and Milner izing beamsplitter ͑PBS͒ and focused on pinholes or single mode fibers to detect a single polarization state and spatial mode.
Two-dimensional images can be formed by lateral or axial movement of the sample at constant velocity v, repeated after each axial or lateral displacement, respectively. The carrier or interference fringe frequency can be generated by axial movement of the sample or reference mirror, by translating the reference mirror mounted on the piezoelectric transducer over a few wavelengths, or by a combination of both. Transverse and axial image resolutions are determined by, respectively, the beam waist at the focal point and the coherence length of the source.
Jones Matrix Formalism
The polarization state in each arm of the interferometer is computed using the Jones matrix formalism, which has an implicit spectral dependence. 18 The intensity detected in each polarization channel can be described by a two-dimensional intensity vector I, where the two components describe the horizontal (x) and vertical (y) polarized intensities, respectively. The intensities at the detectors are given by ͗I͑⌬z͒͘ϭ͗I r ͘ϩ͗I s ͘ϩ ͳ
͑2͒
where E and E* are the electric field component and its complex conjugate, ⌬z is the path length difference between reference (r) and sample (s) arms of the interferometer. The angular brackets denote time averaging. The last two terms of Eq. ͑2͒ correspond to the interference between reference and sample arm light. After the polarizer, horizontally polarized source light is described by the Jones vector ͗ẽ*͑k͒ẽ͑kЈ͒͘ϭS͑k͒␦͑kϪkЈ͒,
͑6͒
which defines ẽ (k) in terms of the source power spectral density S(k). The beamsplitter divides the incident light by amplitude evenly between both arms of the interferometer, and the Jones vector describing the light that enters the sample and reference arm is given by 
͑8͒
A QWP with its fast optic axis at an angle with the horizontal is found by applying a rotation to the Jones matrix in Eq. ͑8͒, QWP()ϭR()QWP R(Ϫ), with R() given by
͑9͒
The polarization state of light reflected from the reference into the detection arm is given by
which describes a linear polarization state at an angle of 45°w ith the horizontal. The horizontal and vertical components of the electric field have equal amplitude and phase. To calculate the polarization state of light reflected from the sample arm, we assume that the optical properties of the sample can be described by a homogeneous linear retarder with a constant orientation of the optic axis. The Jones matrix of the sample, B(z,⌬n,␣), is written as a product of average phase delay in the sample, rotation matrices, and the Jones matrix of a linear retarder with the fast axis along the horizontal B͑z,⌬n,␣ ͒ϭe
with kzn the average phase delay of a wave propagating to depth z and n the average refractive index along the fast (n f ) and slow (n s ) optic axes, n ϭ(n f ϩn s )/2. ⌬nϭn s Ϫn f is the difference in refractive index along the fast and slow axes, and ␣ is the angle of the fast axis with the horizontal. The single pass retardation ␦ for the Jones matrix B(z,⌬n,␣) is ␦ϭkz⌬n. The Jones vector of the light reflected from the sample arm is given by the product of the optical elements in the sample arm and the incident field vector
with R(z) a scalar that describes the reflectivity at depth z and the attenuation of the coherent beam by scattering, and z s is the optical path length of the arm up to the sample surface.
Using the Wiener-Khintchine theorem ͓Eq. ͑6͔͒, the interference terms in the horizontally and vertically polarized channels are given by, respectively,
with z the depth in the tissue and ⌬z the optical path length difference between sample and reference arms, ⌬zϭz r Ϫz s Ϫzn . A Gaussian power spectral density is assumed for the source
͑14͒
with the full width at half maximum ͑FWHM͒ spectral bandwidth of the source given by 2ͱln 2. The integration over k in Eq. ͑13͒ can be performed analytically, and in the approximation that z⌬nӶ1, the expressions simplify to
with the FWHM of the interference fringes envelope given by ⌬l2ͱln 2:
and ⌬ the spectral FWHM of the source in wavelength. The terms in Eq. ͑15͒ for the interference fringe intensities in the horizontal and vertical channels describe the reflected amplitude at depth z, the slow oscillation due to the birefringence k 0 z⌬n, the Doppler shift or carrier frequency generated by the variation of the optical path length difference between sample and reference arms, and the interference fringes envelope, respectively. The spatial resolution is determined by the width ⌬l of the interference fringe envelope. Using Eq. ͑16͒, the condition z⌬nӶ1 is reformulated as z⌬nӶ⌬l, which can be interpreted as a condition that the optical path length difference between light polarized along the fast and slow optic axes of the sample should be smaller than the coherence length of the source. 2 Schoenenberger et al. have given a similar derivation, assuming the phase retardation ␦ϭkz⌬n is independent of the wave length, i.e., ␦ϭk 0 z⌬n, and the integration in Eq. ͑13͒ results directly in Eq. ͑15͒ without the condition z⌬nӶ⌬l. 20 The angle ␣ of the optic axis of the sample with respect to the horizontal introduces a phase shift between the fringes in the horizontally and vertically polarized channels, as derived by us 2 and other authors. 15, 20, 21 In the following, this phase shift will be used to extract more information about the exact polarization state of light reflected from the sample. A H and A V are proportional to the light field amplitudes reflected from the sample. Demodulation of the signal eliminates the cos(2k 0 ⌬z) term in Eq. ͑15͒. After demodulation, the intensity reflected from the sample in the horizontal and vertical polarization channels is proportional to
The total reflected intensity I T as a function of depth is given by
and the phase retardation as a function of depth is given by Figure 2 shows grayscale coded OCT and PS-OCT images of mouse muscle side by side, representing the logarithm ͑base 10͒ of the total reflected intensity I T (z) and the phase retardation (z), respectively. The banded structure in the PS-OCT image clearly demonstrates the presence of birefringence. The limitations of the presented detection scheme thus far is the inability to determine fully the reflected polarization state. To address this limitation, an analysis based on the Stokes vector formalism is presented.
Stokes Vector and Coherency Matrix Formalism
The Stokes vector is composed of four elements, I, Q, U, and V ͑sometimes denoted s 0 , s 1 , s 2 , and s 3 ͒ and provides a complete description of the light polarization state. I, Q, U, and V can be measured with a photodetector and linear and circular polarizers. Lets call I t the total light irradiance incident on the detector, I 0°, I 90°, I ϩ45°, and I Ϫ45°t he irradiances transmitted by a linear polarizer oriented at an angle of, respectively, 0°, 90°, ϩ45°, and Ϫ45°to the horizontal. Let us define also I rc and I lc as the irradiances transmitted by a 
After normalizing the Stokes parameters by the irradiance I, Q describes the amount of light polarized along the horizontal (Qϭϩ1) or vertical (QϭϪ1) axes, U describes the amount of light polarized along the ϩ45°(Uϭϩ1) or Ϫ45°(U ϭϪ1) directions, and V describes the amount of right (V ϭϩ1) or left (VϭϪ1) circularly polarized light. Figure 3 shows the definition of the normalized Stokes parameters with respect to a right handed coordinate system, where we have adopted the definition of a right-handed vibration ellipse ͑positive V parameter͒ for a clockwise rotation as viewed by an observer who is looking toward the light source. Positive rotation angles are defined as counter clockwise rotations. For practical reasons the Stokes vector is sometimes represented in the Poincaré sphere system, 22 where it is defined as the vector between the origin of an x-, y-, z-coordinate system and the point defined by (Q,U,V). The ensemble of normalized Stokes vectors with the same degree of polarization (0 Ͻ PϽ1) defines a sphere with radius that varies between 0 for natural light and 1 for totally polarized light.
The Poincaré sphere is a convenient geometrical tool to analyze change in polarization state due to linear, circular, or elliptical birefringence. The transformation of the Stokes vector representing the incident polarization state by a linear retarder is given by a rotation around an axis in the Q -U plane of the Poincaré sphere. The orientation of the rotation axis corresponds to the orientation of the optic axis with respect to the horizontal. For example, when the optic axis of the linear retarder is at 45°with respect to the horizontal, the rotation axis on the Poincaré sphere is coincident with the positive U axis. The angle of rotation about the axis on the Poincaré sphere equals the amount of phase retardation of the linear retarder. From the Poincaré sphere it is clear that a circular polarization state (Vϭϩ/Ϫ1) is always perpendicular to a rotation axis in the Q -U plane, and thus will always be modified by a linear retarder, regardless of the orientation of the optic axis. When a linear polarization state is incident parallel to the optic axis of a linear retarder, the state is unchanged. The retardation and orientation of the optic axis of a linear retarder can be determined from the transformation of the Stokes vector in the Poincaré sphere by finding the threedimensional rotation matrix with a rotation axis in the Q -U plane that describes the transformation. Circular birefringence ͑optical activity͒ is a rotation around the V axis. For a well collimated, uniform, quasimonochromatic light beam propagating in the z direction with a mean angular frequency we can define the electric field components along the x ͑horizontal͒ and y ͑vertical͒ axes as follows: Then the ͑non-normalized͒ Stokes parameters expressed in the variables describing the electric field components can be easily shown to be
Although the Stokes parameters are useful experimentally, the coherency matrix 19 links the polarization state of light more formally to the zero-time correlation properties between orthogonal electric field components. The coherency matrix of a well-collimated, uniform, quasi-monochromatic light beam is defined by
where E x (t) and E y (t) are the components of the complex electric field vector along the x and y axes in the plane perpendicular to the light propagation direction. The diagonal elements are real numbers and the off-diagonal elements are complex conjugates. The normalized off-diagonal element is defined as
The normalized off-diagonal element ͉ j xy ͉ is an important parameter and measures the degree of correlation between the x and y field components. 
Relations in Eq. ͑25͒ will be used in the next section to calculate the Stokes parameters from the coherency matrix.
Calculating the Stokes Parameters of Reflected Light
Combining the principles of interferometric ellipsometry and OCT, the depth resolved Stokes parameters of reflected light can be determined. As can be seen in Eqs. ͑13͒ and ͑15͒, the angle ␣ of the sample optic axis with the horizontal gives rise to a phase shift between the interference terms in the horizontal (A H ) and vertical (A V ) polarization channels. The amplitude and relative phase of the interference fringes in each orthogonal polarization channel will be used to derive the depth resolved Stokes vector of reflected light. The use of interferometry to characterize the polarization state of laser light specularly reflected from a sample was apparently first demonstrated by Hazebroek and Holscher. 11 In their work, coherent detection of the interference fringe intensity in orthogonal polarization states formed by HeNe laser light in a Michelson interferometer was used to determine the Stokes parameters of light reflected from a sample. Using a source with short temporal coherence adds path length discrimination to the technique, since only light reflected from the sample with an optical path length equal to that in the reference arm within the coherence length of the source will produce interference fringes. When using incoherent detection techniques, only two of the four Stokes parameters can be determined simultaneously. In the present analysis, we demonstrate that coherent detection of the interference fringes in two orthogonal polarization states allows determination of all four Stokes parameters simultaneously. Before giving a mathematical description, the principles underlying calculation of the Stokes vector will be discussed. We assume that the polarization state of light reflected from the reference arm is perfectly linear, at an angle of 45°with the horizontal axis. After the polarizing beam splitter in the detection arm, the horizontal and vertical field components of light in the reference arm will have equal amplitude and phase. Light reflected from the sample will interfere with that from the reference, and the amplitude and relative phase difference of the interference fringes in each polarization channel will be proportional to the amplitude and relative phase difference between horizontal and vertical electric field components of light reflected from the sample arm. The electric field vector of light reflected from the sample arm can be reconstructed by plotting the interference term of the signals on the horizontal and vertical detectors along the x and y axes, respectively. Figure 4 shows a reconstruction of the electric field vector over a trace of 38 m. The plot does not reflect the actual polarization state reflected from the sample, since the light has made a return pass through the quarter wave plate in the sample arm before being detected. The plot indicates change in polarization state from a linear to an elliptic state as a consequence of tissue birefringence. The Stokes parameters can be determined from the detected interference fringe intensity signals. For instance, if the interference fringes are maximized on one detector, and minimal on the other, the polarization state is linear in either the horizontal or vertical plane, which corresponds to the Stokes parameter Q being one or minus one. If the interference fringes on both detectors are of equal amplitude and in phase, or out of phase, the polarization state is linear, at 45°with the horizontal or vertical, corresponding to the Stokes parameter U being one or minus one. If the interference fringes on both detectors are of equal amplitude and are exactly /2 or Ϫ/2 out of phase, the polarization state is circular, corresponding to the Stokes parameter V being one or minus one.
In the mathematical description that follows, the Stokes vector is calculated by Fourier transforming the interference fringes in each channel over a length of approximately the coherence length, and computing the relative phase difference and amplitude of the Fourier components at each wave number. This will give the Stokes vector for each wave number within this length. The Stokes vector of the reflected light is then obtained by summing the Stokes parameters over the spectrum of the source with a weight determined by the power spectral density S(k).
The electric field amplitude of each polarization component is again represented by a complex analytic function, given in Eq. ͑4͒, with the conditions given in Eqs. ͑5͒ and ͑6͒. As derived earlier ͓Eq. ͑10͔͒ the light reflected from the reference arm into the detection arm is given by
with z r the reference arm length. The electric field amplitude of light reflected from the sample into the detection arm may be written as 
Using Eq. ͑33͒ the Stokes parameters in Eq. ͑29͒ can be expressed in terms of Ĩ(z s ,2k):
͑34͒
The Stokes parameters for each pixel in an image can be calculated according to Eq. ͑34͒, with the Fourier components Ĩ(z s ,2k) determined by the Fourier transform of I(z s ,⌬z) over ⌬z intervals on the order of the coherence length of the source light. The power spectral density S(k) in Eq. ͑34͒ is given by
with P 0 the source power. Substituting Eq. ͑35͒ into Eq. ͑34͒, the Stokes parameters are completely determined by the source power and the Fourier transform of the interference fringes in each polarization channel over an interval ⌬z around z s :
͑36͒
The earlier equation gives the Stokes parameters as measured at the detectors for a single A-line scan. To determine the polarization state of light reflected from the sample, ͑i.e., before the return pass through the QWP͒, the Stokes vector computed from Eq. ͑36͒ needs to be multiplied by the inverse of the Mueller matrix associated with the QWP in the sample arm, s 0 →s 0 , s 1 →s 3 , s 2 →s 2 , and s 3 →Ϫs 1 . PS-OCT images of the Stokes parameters are formed by grayscale coding 10 log s 0 (z) and the polarization state parameters s 1 , s 2 , and s 3 normalized on the intensity s 0 from 1 to Ϫ1. When applying an incoherent detection technique that does not compute the relative phase between fringes in orthogonal detection channels, only two of the four Stokes parameters ͑s 0 and s 3 ͒ may be determined from a single A-line scan.
The Degree of Polarization
The complete characterization of the polarization state of reflected light by means of the Stokes parameters permits the calculation of the degree of polarization P, defined as
For purely polarized light, the degree of polarization is unity, and the Stokes parameters obey the equality I 2 ϭQ 2 ϩU 2 ϩV 2 , while for partially polarized light, the degree of polarization is smaller than unity, leading to I 2 ϾQ 2 ϩU 2 ϩV 2 . In terms of the coherency matrix, the degree of polarization is given by Pϭtr(J Pol )/tr(J) where J Pol is a Hermitian matrix that represents the portion of the full coherency matrix corrresponding to completely polarized light. Natural light, characterized by its incoherent nature, has ͑by definition͒ a degree of polarization of zero. An interferometric gating technique such as OCT measures only the light reflected from the sample arm that does interfere with the reference arm light. On first inspection, this suggests that the degree of polarization will always be unity, since only the coherent part of the reflected light is detected. 23 We will demonstrate however, that the degree of polarization can be smaller than unity, and is a function of the interval ⌬z over which the degree of polarization is calculated. This can be attributed to a variation of the Stokes vector with wavelength.
An input beam with PϽ1 can be decomposed into purely polarized beams ( Pϭ1). After propagation through an optical system, the Stokes parameters of the purely polarized beam components are added to give the Stokes parameters for the original input beam. In Bohren and Huffman's words: ''If two or more quasi-monochromatic beams propagating in the same direction are superposed incoherently, that is to say there is no fixed relationship between the phases of the separate beams, the total irradiance is merely the sum of individual beam irradiances. Because the definition of the Stokes parameters involves only irradiances, it follows that the Stokes parameters of a collection of incoherent sources are additive. '' 5 Implicit in our analysis is that a broadband OCT source may be viewed as an incoherent superposition of beams with different wave numbers.
The degree of polarization can be analyzed in terms of the off-diagonal element of the coherency matrix. From the expression for the electric field amplitude of light reflected from the sample ͓Eq. ͑27͔͒, we may write an expession for the normalized off-diagonal element of the coherency matrix as
When the polarization state of reflected light is constant over the source spectrum, then a(k,z s )ϭa 0 is constant and ͉ j xy ͉ ϭ1 so that the degree of polarization is unity ( Pϭ1). When the relative magnitude or phase of the complex numbers a x (k,z s ) and a y (k,z s ) change over the source spectrum ͑i.e., the polarization state of reflected light varies over the source spectrum͒ we may have ͉ j xy ͉Ͻ1 and the degree of polarization is less than unity ( PϽ1). In general, we note that 0 Ͻ͉ j xy ͉р Pр1 and ͉ j xy ͉ϭ P when ͉͗E x ͉ 2 Ϫ͉E y ͉ 2 ͘ϭ0.
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A closer look at Eqs. ͑34͒ or ͑36͒ reveals that the Stokes parameters of each spectral component of the source are determined with a spectral resolution inversely proportional to the ⌬z interval over which the Fourier transform was taken. Integration over the wave number k sums the Stokes parameters of each spectral component with a weight proportional to the power spectral density, S(k). The larger the ⌬z interval, the higher the resolution in k space, the more Stokes parameters of incoherently superposed beams are summed. Using the Poincare sphere representation, one can visualize de Boer and Milner that the magnitude of a sum of Stokes vectors will be greatest if the direction of all components are colinear. When the Stokes parameters of reflected light do not vary over the source spectrum ͑the polarization state does not vary͒, the Stokes vectors add colinearly along one direction and the degree of polarization is maximum with a value of unity ͑note that in our experimental configuration this holds for the input and reference arm beams͒. When the Stokes parameters vary over the source spectrum, the polarization state of the various spectral components may be viewed as being distributed over the Poincare sphere. Because all components are not colinear, the sum of Stokes parameters over the spectrum gives a degree of polarization ( P) necessarily less than unity ( PϽ1).
An alternative argument will lead to the same conclusion. The reconstruction of the electric field vector in Figure 4 shows that the Stokes parameters can be determined over a single cycle of the field, where at each cycle the degree of polarization will be ͑very close to͒ unity. The Stokes parameters over an interval ⌬z are the sum of the Stokes parameters of single cycles of the electric field vector within the interval. The degree of polarization P of the depth resolved Stokes vector will be a function of the interval length (⌬z), since Stokes parameters can vary from cycle to cycle.
The reduction of the degree of polarization with increasing depth, that is demonstrated in Figures 5 and 7 , can be attibuted to several factors. First, spectral components that may have traveled over different paths with equal lengths through the sample. Second, spectral dependence of the Stokes parameters of light forward or backscattered by ͑irregularly shaped͒ particles. Third, presence of multiple scattered light and speckle in the pupil of the sample arm. Fourth, a decrease in the signal to noise ratio. Note that elastic ͑multiple͒ scattering does not destroy the coherence of the light in the sense of its ability to interfere with the source light ͑or the reference arm light͒. However, spectral phase variations within or between polarization channels may reduce the coherence envelope in a manner similar to the effect of dispersion. Inelastic interactions, such as incoherent Raman scattering or fluorescence, do destroy the coherence and interference with source light is lost.
Determination of the Optic Axis
Recently, Hitzenberger et al. 21 calculated the orientation of the optic axis with a phase sensitive PS-OCT instrument equal to an instrument presented before. 3 They determined the phase difference ␣ between the interference fringes in orthogonal polarization channels by use of Hilbert transforms, which gives the orientation of the optic axis ͓see Eq. ͑15͒, and Eq. ͑2͒ in Ref. 2͔ and ignored the amplitude information. However, when the fringe amplitude in one of the two polarization channels is very small ͑which was the case at the tissue surface in their experimental configuration͒, it is difficult to extract a reliable phase difference between the two channels. When the optic axis changes with depth, the relative phase difference ␣ becomes uncorrelated with the optic axis orientation. The optic axis orientation can only be determined in the first birefringent layer, where the method suffers the most from a small signal in one of the polarization channels.
The optic axis orientation can be determined more reliably from the Stokes parameters, which uses the amplitude and relative phase difference ␣.
3 This method eliminates the problem associated with determining the relative phase difference between the two polarization channels when the signal at one of the detectors is small compared to the other signal.
To obtain the correct orientation of the optic axis that varies with depth by either method requires a calculation that takes into account the change in the polarization state in previous layers.
A more elaborate description on the determination of the optic axis as presented in Ref. 3 is given here, which assumes the orientation of the optic axis is constant with depth. The values of Q and U depend on the choice of the reference frame ͑i.e., the orientation of the polarizing beam splitter in the detection arm͒. The reference frame, or laboratory frame, is determined by the orientation of orthogonal polarization states exiting the polarizing beam splitter, which in our case is along the horizontal and vertical axes. If the basis vectors of the reference frame are rotated through an angle ␤, the transformation from (I,Q,U,V) to Stokes parameters (IЈ,QЈ,UЈ,VЈ) relative to the new basis vectors is given by 
The Stokes vector measured in the laboratory frame can be transformed to a new frame, which we will call the sample frame, according to the matrix in Eq. ͑39͒. The Mueller matrix for an ideal retarder is given by
where Cϭcos 2␣, Sϭsin 2␣, with ␣ the angle of the optic axis with the horizontal, and ␦ the retardance. Equation ͑40͒ is the Mueller matrix representation of the linear retarder described by the Jones matrix in Eq. ͑11͒, with ␦ϭk 0 z⌬n.
Upon specular reflection inside the sample, the Stokes parameters U and V change sign. The angle ␣ of the optic axis of the Mueller matrix for the linear retarder on the return pass changes sign because the coordinate handedness is changed ͑the propagation direction of the light is reversed͒. After the return pass through the retarder, the combined Mueller matrix of propagation, reflection, and return pass is given by
͑41͒
with ␦ϭ2k 0 z⌬n. For example, when right circularly polarized light is incident onto a sample with linear retardance, the reflected light polarization state can be defined by the product of the Stokes vector ͑1,0,0,1͒ and the above matrix. The reflected light Stokes vector is
͑42͒
From Eq. ͑42͒ it is immediately clear that the optic axis orientation ␣ can be determined from the Q and U parameters tan ␣ϭQ/U. ͑43͒
Using Eq. ͑39͒ to transform the reflected light Stokes vector into a rotated reference frame, we can show that the Q parameter equals 0 if the rotation angle ␤ equals Ϫ␣. Therefore, the angle of the optic axis is found by determining the angle of rotation of the reference frame that minimizes the amplitude of oscillations with depth in the Q parameter. This angle defines a rotation of the laboratory frame to a sample frame whose basis vectors are aligned with the optic axes of the sample.
Depth Resolved Imaging of Stokes Parameters
Rodent muscle was mounted in a chamber filled with saline and covered with a thin glass cover slip to avoid dehydration during measurement. Figure 5 shows images of Stokes parameters in the sample frame for right circularly polarized incident light. Several periods of normalized U and V, cycling back and forth between 1 and Ϫ1, are observed in muscle indicating that the sample is birefringent, further demonstrated by the averages of the normalized Stokes parameters over all depth profiles in Figure 6͑a͒ . To verify experimentally the orientation of the optical axis computed by rotating the reference frame so as to minimize the amplitude of oscillation in Q, three measurements were performed by replacing the QWP in the sample arm by a half-wave retarder. Light incident on the sample was prepared in three linear polarization states with electric fields parallel, perpendicular, and at an angle of 45°to the experimentally determined optical axis of the birefringent muscle. Figure 6͑b͒ shows the average of the normalized Stokes parameter Q over all depth profiles at the same sample location. The negligible amplitude of oscillation in Q for light polarized parallel and perpendicular to the optical axis verified the experimentally determined orientation. When light is incident at an angle of 45°to the optical axis of the sample, Q oscillates with increasing sample depth as expected for a birefringent sample. The similarity of the reflected intensity for circular, parallel and perpendicular light ͓shown in Figure 6͑c͔͒ indicates that the polarization state changes are not due to dichroism of the muscle fibers. The birefringence ⌬n was determined by measuring the distance of a full V period, which corresponds to a phase retardation of ϭk 0 z⌬n, giving ⌬nϭ1.4ϫ10 Ϫ3 . The similarity between PS-OCT images coding for the phase retardation (z) and the normalized Stokes parameter V ͓e.g., Figure 2͑b͒ 
Note that (z) gives the single pass phase retardation, (z) ϭk⌬nz while V(z) is determined by the double pass phase retardation, V(z)ϭcos(2k⌬nz). Figure 7 shows PS-OCT images of the four Stokes parameters in the laboratory frame for de Boer and Milner right circularly polarized light incident on in vivo rodent skin. Averages of the normalized Stokes parameters Q, U, and V over all depth profiles ͓Figure 6͑d͒, after minimizing the oscillations in Q͔, indicate oscillations typical of sample birefringence in the first 400 m. Observed birefringence is attributed to the presence of collagen in skin. Although no preferred orientation of the optical axis is expected in rodent skin, a predominant direction was found at shallow depths. At deeper depths, Q, U, and V approach zero and the light becomes depolarized, which is attributed to multiple scattering and the randomly oriented and changing optical axis over the transversal scan width.
Polarization Diversity Detection
To summarize, PS-OCT is important not only to measure birefringence, but also for accurate interpretation of OCT images. Most fibrous structures in tissue ͑e.g., muscle, nerve fibers͒ are form birefringent due to their structural anisotropy. Single detector OCT systems can generate images that show structural properties by a reduction in tissue, reflectivity, solely due to polarization effects. Polarization diversity detection is defined as the depth resolved measurement of the I component of the Stokes vector of light reflected from the sample. Intuitively, one might expect that use of unpolarized sources may be advantageous for polarization diversity detection.
Although the source light has been assumed to be polarized, the presented analysis is easily extended to include unpolarized sources. An unpolarized source can be described by the addition of two orthogonally polarized sources that are mutually incoherent. The interference fringes at the detector͑s͒ need to be analyzed separately for the two pure polarization states and the total interference fringe pattern at the detector͑s͒ is given by the sum of the fringe patterns of each polarization channel.
An OCT system with an unpolarized source and a single detector does not necessarily provide polarization diversity detection. On the contrary, this system can be more sensitive to polarization effects than a system with a polarized source.
Consider polarized source light incident on a birefringent sample acting as linear retarder with optic axis at 45°with respect to the incident light polarization axis. The polarization state of reflected light from some depth has undergone a phase retardation and is orthogonal to the incident polarization state. Since orthogonally polarized states cannot interfere, light from the sample and reference arms do not produce interference fringes. The same holds for each of the orthogonally polarized states in the decomposition of an unpolarized source into linear states at 45 and Ϫ45 with the optic axis. Therefore, for the unpolarized source no interference fringes will be detected. Suppose now that the decomposition of the unpolarized source is chosen differently for the earlier mentioned birefringent sample, such that the two orthogonal linearly polarized mutually incoherent states are along and perpendicular to the optic axis. Both orthogonal polarization states reflected from the sample are unaltered by the birefringence, and will produce interference fringes with the reference arm light. However, at the same depth as above the interference fringes for orthogonal polarization states are exactly out of phase and cancel after summation on the single detector, and no interference fringe pattern is observed. Thus, in this example, the unpolarized source will not produce interference fringes at one depth regardless of the orientation of the optic axis ͑as is expected from symmetry arguments͒. In contrast, a polarized source would produce interference fringes if the state is polarized ͑partially͒ along the optic axis.
2.10 Accuracy and Noise; Birefringence, Dichroism and Scattering Everett et al. 15 have given an analysis of the systematic error in the phase retardation due to background noise for the incoherent PS-OCT detection scheme. They showed that for phase retardations close to 0°or 90°the background noise on the detectors introduces a significant and systematic error of, e.g., 15°at a signal to noise ratio of 10 dB. The coherent detection scheme which calculates the Stokes parameters, has better immunity to this systematic error. A closer look at Eqs. ͑25͒, ͑34͒, or ͑36͒ reveals that in the calculation of the Q parameter ͑also denoted by s 1 ͒ the spectral density in one polarization channel is subtracted from the spectral density in the orthogonal polarization channel, thus eliminating constant background noise terms, and the U (s 2 ) and V (s 3 ) parameters are calculated from the cross correlation between fringes in orthogonally polarized channels, eliminating autocorrelation noise. Noise will decrease the degree of polarization P, since it will be present as autocorrelation noise in the Stokes parameter I. The better noise immunity can be illustrated with the help of Figure 6͑a͒ , which shows the Stokes parameters for rodent muscle. In the incoherent detection scheme only V ͑s 3 in the figure͒ is measured, and the error in the phase retardation is introduced by the decrease of the amplitude of oscillations with increasing depth. In the coherent detection scheme, the Stokes parameters Q, U, and V can be renormalized on P, restoring the amplitude of the oscillations, and thus eliminating the systematic error.
Schoenenberger et al. 20 have gone further and also analyzed system errors introduced by the extinction ratio of polarizing optics and chromatic dependence of wave retarders, and errors due to dichroism, i.e., the differences in the absorption and scattering coefficients for polarized light in tissue. System errors can be kept small by careful design of the system with achromatic elements, but can never be completely eliminated. Dichroism is a more serious problem when interpreting the results as solely due to birefringence. However, Mueller matrix ellipsometry measurements have shown that the error due to dichroism in the eye is relatively small 25, 26 and Figure 6͑c͒ shows that dichroism is of minor importance in rodent muscle. More research is necessary to determine the importance of dichroism in other types of tissue.
The variance in the computed Stokes vectors of reflected light ͑excluding effect of birefringence͒ is due to multiple scattering, speckle, and shot noise ͑i.e., optimized system͒. At some depth, the detected signals are limited by shot noise. At shallower depths ͑i.e., before the shot noise limit͒ variance in the Stokes parameters is primarily due to the effects of multiple scattering and speckle.
As argued earlier, multiple scattering will scramble the polarization mainly in a random manner. This offers some means to distinguish it from birefringence. Reported birefringence values for cornea, tendon, and muscle are of the order of ⌬nϭ10 Ϫ3 , 27-29 which will give a 90°phase retardation at a depth on the order of several hundreds of micrometers. Thus, birefringence induced changes are relatively slow, and the Stokes parameters change according to the Mueller matrix of a linear retarder. However, an optic axis that varies with depth will give changes in the polarization state that will be difficult to distinguish from the random manner of multiple scattering. Measurement of the full Mueller matrix of the sample by varying the incident light over four different polarization states, as recently demonstrated by Yao and Wang, 30 will provide additional information that could aid the analysis and interpretation of PS-OCT signals. More research is necessary on this complex problem.
Speckle introduces noise on the Stokes parameters by the large fluctuations in the interference fringes that could be uncorrelated in the orthogonal detection channels. Speckle averaging techniques demonstrated by Schmitt et al. 31 will reduce this noise, as well as averaging the Stokes parameters over distances larger than the coherence length. Speckle remains one of principle problems in the development of OCT.
Future Directions in PS-OCT
Investigation of the biological and medical applications of PS-OCT is just beginning and much work remains for further development. We anticipate progress will proceed in three major areas, these include: instrumentation, biological and medical applications, and data interpretation/image processing. Many investigators have reported use of a bulk polarization-sensitive interferometer for imaging biological materials. 14, 15, 30, 32, 33 Work by Yao and Wang 30 and Jiao and Wang 34 is noteworthy in that the depth-resolved Mueller matrix of light reflected from a sample was estimated.
More recently, several groups have reported application of polarization sensitive OCT for biomedical imaging 35-37 using fiber interferometers. Although systems constructed of conventional single mode fiber can maintain a pure polarization state incident on the sample, the state fluctuates in time due to stress perturbations in the fiber. Despite the fluctuation, depth resolved phase retardation of light reflected from the sample is determined by systematically varying the incident polarization state between orthogonal points on the Poincaré sphere positioned on a great circle. 35 Although systems constructed of polarization maintaining single mode fiber can maintain a fixed polarization state incident on the sample, experimental demonstration of such a system that measures the depthresolved Stokes parameters of reflected light has not been reported.
Because many components in biological materials contain intrinsic and/or form birefringence, PS-OCT is an attractive technique for providing an additional contrast mechanism that can be used to image/identify structural components. For example, recent application of PS-OCT in dentistry, 38, 33 ophthalmology, 32, 39 and dermatology 3, 35, 40 has been reported. Moreover, because functional information in some biological systems is associated with transient changes in birefringence, the possibility of functional PS-OCT imaging should be explored. PS-OCT may hold considerable potential for monitoring, in real-time, laser surgical procedures involving birefringent biological materials. Because many laser surgical procedures rely on a photothermal injury mechanism, birefringence changes in subsurface tissue components measured using PS-OCT may be used as a feedback signal to control laser dosimetry in real-time. Finally, many features of PS-OCT interference fringe data require additional interpretation and study. Because polarization changes in light propagating in the sample may be used as an additional contrast mechanism, the relative contribution of light scattering and birefringence-induced changes requires further study and clarification. In principle, one would like to distinguish polarization changes due to scattering, form and intrinsic birefringence at each position in the sample and utilize each as a potential contrast mechanism. Better distinction between sources of the polarization changes will allow application of various image processing algorithms ͑e.g., segmentation͒ that can improve usability of PS-OCT for specific applications. In summary, we expect PS-OCT will continue to advance rapidly and be applied to novel problems in clinical medicine and biological research.
